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An expanded graphite e-MCMB, mesocarbon microbeads having a wider interlayer spacing d002 = 0.404 nm than that of
common graphites is prepared by heat-treatment of an oxidized MCMB. When the e-MCMB electrode, which gives a negligible
capacitance due to a small surface area, is polarized over a certain onset potential 4.6–4.8 V vs Li/Li+ for positive and 1.3–1.0
V for negative direction, it is electrochemically activated to be a high-capacitance positive and negative electrode for electro-
chemical capacitor. The activation process involves an ion intercalation into the interlayer space to generate ion-accessible sites.
The intercalation is evidenced by the presence of a voltage plateau in the charge–discharge profiles, and by the widening of the
interlayer distance by in situ X-ray diffraction study and concomitant electrode swelling by electrochemical dilatometry that
occur at the same potential region. The electrochemically activated e-MCMB particles carry slitlike pores of ca. 0.45 nm in the
mean interlayer distance, into which ions very likely enter either bare or with partial solvent shells with a mixed adsorption/
intercalation charge storage behavior. A full cell fabricated with two e-MCMB electrodes delivers a volume specific capacitance
of 30–24 F mL−1 within 100 cycles for a dry electrode pair at a working voltage of 3.7 V.
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0013-4651/2008/1559/A685/8/$23.00 © The Electrochemical SocietyUntil now, electric double-layer capacitors EDLCs, which de-
liver a higher rate capability and longer cycle life as compared to the
modern secondary batteries, have been used as the energy storage
device for memory back-up systems.1-6 Recently, the markets for
EDLCs have been extended to the higher power and higher energy
systems such as hybrid electric vehicles. Energy density of the
present EDLC, however, does not meet the market’s need. Hence, to
exploit such new applications, it is necessary to develop electrode
materials having a higher energy density than the conventional ones.
The energy density of EDLC is given by E = 1/2 CV2, where C
stands for the capacitance per volume or weight, and V the working
voltage. An enlargement in either C or V can thus be the way to
achieve a high energy density in EDLCs.3,5,7 One way to increase
the cell voltage is the use of nonaqueous electrolytes. Normally, the
cell voltage of EDLCs employing aqueous electrolytes is below 1.2
V, which can, however, be enlarged up to 3.0 V by using nonaque-
ous electrolytes. The other approach to increase the energy density is
the employment of high-capacitance electrode materials, which are
normally high-surface-area conductive materials as the electric
double layer is formed at the electrode/electrolyte interface.8-13 Until
now, activated carbons have been the most popular choice for EDLC
electrode materials because they are electrically conductive and pos-
sess a high surface area 1000–2000 m2 g−1. The critical problem
for activated carbons when considered as the electrode material for
high-energy density EDLCs is the low gravimetric density due to
their amorphous and porous structure. The volume-specific capaci-
tance of EDLC fabricated with two activated carbon electrodes is
commonly less than 20 F mL−1.14-16
Many attempts have been made to increase the energy density of
EDLCs, which can be categorized into two approaches. One is the
replacement of one or both activated carbon electrodes with redox-
reaction materials; metal oxides, conducting polymers, or intercala-
tion compounds that are commonly used in lithium secondary
cells.17-19 They are termed as hybrid or asymmetric capacitors. This
modification not only increases the specific capacitance C, but also
extends the working voltage V. The other approach is the applica-
tion of electrochemical activation to graphitic or graphitizable
carbons.20-25 An example is the Nanogate capacitor that was intro-
duced by JEOL Ltd., Japan. According to the reports, the KOH-
activated graphitizable carbon, which delivers a negligible capaci-
tance due to a small surface area 100 m2 g−1, is converted to a
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is, an ion-accessible surface is generated at the interlayer space as a
result of ion/solvent co-intercalation into the interlayer. The capaci-
tor fabricated with two such electrodes shows a much improved
energy density with a volume-specific capacitance of
25–30 F mL−1 for a dry electrode pair and working voltage of 3.5–
4.0 V.
Here, we report another graphitic material that can be electro-
chemically activated by electrode polarization in both positive and
negative directions, which is the expanded graphite that was pre-
pared by heat-treatment of oxidized graphites commonly known as
graphite oxides. The oxidized graphites were in turn prepared by
oxidizing the pristine mesocarbon microbeads MCMB with an oxi-
dizing agent in a strong acid medium.26-30 The electrochemical ac-
tivation behavior at the positive and negative electrode was exam-
ined independently using a three-electrode cell configuration. To
estimate the energy density of this electrode material, a symmetric
cell comprising two expanded MCMB e-MCMB electrodes was
fabricated and its volume-specific capacitance and working voltage
were examined after electrochemical activation.
Another concern in this work, in addition to the introduction of
graphitic material that can be electrochemically activated, is to
clarify the following points fundamental to the understanding of the
electrochemical activation process, but not fully addressed in the
previous reports due to a limited publication.20-25 The first concern
is the microscopic structural change evolved in graphitic carbons
that may occur in the electrochemical activation process. The second
concern is the charge storage mechanism prevailing after electro-
chemical activation. It is still undetermined whether charge storage
is done by an intercalation process or by a simple adsorption. To
address these issues, the charge/discharge voltage profiles, and the
variation in the interlayer distance of graphitic materials and con-
comitant electrode volume change, were examined for an e-MCMB
electrode before and after electrochemical activation. A conclusion
on these issues has been reached by comparing the results to those
obtained with an activated carbon and pristine MCMB electrode.
The third concern is the electrode swelling that seems unavoidable
with intercalation. From a practical viewpoint, a repeated electrode
swelling/contraction is not desired because mechanical stress fre-
quently leads to electrode degradation. The electrode swelling/
contraction upon electrochemical activation on the Nanogate capaci-
tor has been examined by monitoring the cell pressure with a
dimensionally fixed setup, but it is not clear if the pressure change is
caused solely by the dimensional change of electrodes.20,21 Rather, it
is very likely that gas evolution obscures the electrode swelling/
contraction. In this work, electrochemical dilatometry was utilizedCS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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interference caused by gas evolution. The final concern is the nature
of prerequisites for graphitic materials to be electrochemically acti-
vated. This issue will be discussed by reviewing the literature and
providing our own results.
Experimental
In this work, the MCMB-10–28 average particle size
= 10 m, graphitization temperature = 2800°C, Osaka Gas Co., Ja-
pan was used as the graphite source. The expanded graphite e-
MCMB was prepared by a heat-treatment of oxidized graphite o-
MCMB at 250°C for 24 h in Ar atmosphere. The o-MCMB was in
turn prepared by oxidizing the MCMB-10–28 with a mixture of
strong oxidant and strong acid. In detail, the MCMB-10–28 powder
5.0 g and KMnO4 10.0 g were added into a mixture of 95%
sulfuric acid 60 mL and 60% nitric acid 20 mL at 0°C ice bath
with stirring. After a week, the o-MCMB powder was collected by
filtration and washed with deionized DI water until the solution pH
reached 7.0.
The morphology of graphite samples was examined using a
field-emission scanning electron microscopy FESEM, JEOL JSM-
6700F and a high-resolution transmission electron microscopy
HRTEM, JEOL JEM-3010. X-ray diffraction XRD patterns were
recorded using a Bruker Advance-D8 with Cu K radiation
0.15406 nm at a scan rate of 1° min−1. Surface area and pore
volume were analyzed from the N2 adsorption isotherms that were
obtained with a gas adsorption analyzer Micromeritics, ASAP
2010. The elemental analysis was made with an EA1110 CE In-
strument, Italy.
To prepare the composite electrodes, a mixture of e-MCMB
powder, polytetrafluroethylene PTFE, and carboxyl methyl cellu-
lose binder 6:4 in weight ratio, and Super P as the carbon additive
for conductivity enhancement, 80:5:15 in weight ratio was dis-
persed in DI water. The electrode composition was fixed at this ratio
unless otherwise specified. The resulting slurry was spread on a
piece of Al foil thickness = 20 m that was used as the current
collector and dried in vacuum at 120°C for 12 h. The electrode was
roll-pressed to enhance the interparticle contact and to ensure a bet-
ter adhesion to the current collector.
The electrochemical characteristics galvanostatic charge–
discharge cycling and complex capacitance analysis and thickness
change of the e-MCMB electrode were examined as a half-cell to
see its positive and negative activation behaviors, respectively. To
this end, a counter electrode prepared with an activated carbon
BP20, 700 m thickness, surface area = 1800 m2 g−1, Kuraray
Chemical Co. and Li metal were used as the counter and reference
electrode, respectively. Normally, 4 mg cm−2 of e-MCMB powder
was loaded in the working electrode, and 40 mg cm−2 of BP20
powder in the counter electrode. Hence, the capacity of BP20/e-
MCMB cells tested in this work was limited by the working elec-
trode e-MCMB. The apparent area for both electrodes was
1.0 cm2. The electrolyte used was a mixture of tetraethyl ammo-
nium tetrafluoroborate Et4NBF4,0.95 M and lithium tetrafluo-
roborate LiBF4,0.05 M that was dissolved in propylene carbon-
ate. The macroscopic dimensional change of electrodes was traced
using a homemade electrochemical dilatometer, the schematic draw-
ing of which was provided in the previous reports.31-34 For this
experiment, a disk-shaped e-MCMB composite electrode was posi-
tioned onto a disk of a stiff glass filter 20 mm in diameter, 18 mm
thick and the counter electrode was located on the other side of the
glass filter. As the dilatometer probe was positioned onto the surface
of the working electrode, the observed height change represented
only that of the working electrode. The applied force was about 3 N,
which is given by the weight of the probe. The change of interlayer
spacing of the e-MCMB was traced using a homemade in situ XRD
cell.35 A beryllium disk coated with aluminum thickness
= 250 nm was used as the current collector as well as X-ray win-Downloaded 26 Jul 2009 to 147.46.182.184. Redistribution subject to Edow. For the complex capacitance analysis, ac impedance measure-
ments were made over the frequency range of 100 kHz to 5 mHz
Zahner, Im6e with an ac amplitude of 5 mV.
The electrochemical characteristics galvanostatic charge–
discharge cycling and thickness change of a full cell were also
examined. To this end, two pieces of PP polypropylene separator
were inserted between two identical e-MCMB electrodes, where the
reference electrode Li foil was inserted between two PP films.
Galvanostatic charge–discharge cycling was done at a current den-
sity of 0.5 mA cm−2 in the voltage range from 0.0 to 3.7 V with a
WBC-3000 battery cycler Xeno Co.. For the dilatometry experi-
ment, the e-MCMB/e-MCMB full cell was placed onto the glass
filter, such that the observed height change was the combined value
of negative and positive electrodes.
Results and Discussion
Material characterization.— Figure 1 shows the FESEM images
of pristine MCMB, o-MCMB, and e-MCMB. The morphologies of
pristine MCMB Fig. 1a and o-MCMB Fig. 1b look similar to
each other, but some cracks on the surface of o-MCMB can be
recognized, indicative of a severe interlayer expansion as a result of
addition of foreign elements into a graphene layer. The morphology
of e-MCMB Fig. 1c and d is somewhat different from that of the
former two. The sphere-shaped o-MCMB particles were trans-
formed to wormlike ellipses in e-MCMB, the reason for which is not
clearly identified. Simply, however, one can assume a deformation
of carbon framework by the impetus of gaseous products CO2, SO2,
and steam that are generated during the heat-treatment of oxidized
graphites.26,36 The interlayer expansion along with oxidation and
heat-treatment can be estimated from the XRD patterns taken with
these samples Fig. 2. The pristine MCMB shows a strong 002
diffraction at 2 = 26.5°. The interlayer spacing d002 is calculated
to be 0.336 nm using the Bragg equation, which is very close to the
value of natural graphites 0.335 nm. Upon oxidation, however, the
002 diffraction peak disappears while a new diffraction peak at
2 = 14° develops, which corresponds to the 001 diffraction peak
that is known for graphite oxides.36,37 The interlayer distance for
o-MCMB is calculated to be 0.636 nm. When the o-MCMB is heat-
treated, the 002 diffraction peak is shifted back to the higher angle,
but its intensity is far smaller than that of pristine MCMB, indicative
of a decrease in crystallinity. The interlayer spacing of e-MCMB is
now 0.404 nm 2 = 22.2°. We call this material an expanded
graphite because its interlayer distance is expanded as compared to
that for the untreated MCMB. Table I compares the surface area,
Figure 1. The FESEM images of graphite samples: a pristine MCMB, b
o-MCMB, c e-MCMB, and d magnified view for e-MCMB.CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
A687Journal of The Electrochemical Society, 155 9 A685-A692 2008pore volume, and elemental analysis data for three samples. Both the
surface area and pore volume increase with oxidation, but decrease
after the forthcoming heat-treatment to give the intermediate values.
The surface area of e-MCMB is 21.8 m2 g−1, which is about 10-
fold larger than the pristine one but seems quite small if one con-
siders a capacitor application. The amount of foreign elements that
was represented by the H/C and O/C ratios was also increased upon
oxidation but decreased after the heat-treatment. It is likely that the
foreign elements that were introduced by oxidation were not com-
pletely removed even after the heat-treatment.
Electrochemical activation by positive polarization.— Figure 3
presents the half-cell characteristics of an e-MCMB electrode,
where the e-MCMB electrode was tested as the positive electrode by
potential cycling between the open-circuit voltage ca. 3.0 V to 4.8
V vs Li/Li+. In Fig. 3a, the galvanostatic charge–discharge voltage
profile solid line is overlapped with the electrode height change
dotted line traced with cycling. The result obtained in the first
cycle is magnified in Fig. 3b. In both figures, the upward profile
corresponds to the charging that is associated with the positive po-
larization of e-MCMB electrode and anion BF4
− accumulation,
whereas the downward one corresponds to the discharging. At a
glance, the electrode is swollen with charging, but contracted by
discharging. The conversion point from swelling to contraction is
well matched with the charge–discharge switching potentials solid
lines. An immediately apparent feature in Fig. 3 is that a voltage
plateau appears at 4.6–4.8 V in the first charging but disappears
from the second charging Fig. 3a and b, implying that the charging
process from the second cycle differs somewhat from that for the
first cycle. The detailed discussion will be advanced in a later sec-
tion.
Figure 2. XRD patterns of MCMB, o-MCMB, and e-MCMB powders. Note
the interlayer expansion in the e-MCMB powder.
Table I. Physico-chemical properties of pristine MCMB,
o-MCMB, and e-MCMB.
Surface area and pore volumea Element analysis
SBET/m2 g−1 Vtotal/cm3 g−1 H/C O/C
MCMB 2.11 0.02 — 0.001
o-MCMB 33.1 0.10 0.024 0.455
e-MCMB 21.8 0.06 0.004 0.152
a Measured by Brunauer, Emmett, and Teller method from nitrogen
adsorption isotherms.Downloaded 26 Jul 2009 to 147.46.182.184. Redistribution subject to EA close relationship between the voltage plateau appearing in the
first charging and ion intercalation is evidenced by the electrode
swelling that is occurring at exactly the same voltage range 4.6–4.8
V where the plateau appears Fig. 3b. The electrode height change
amounting to 35% of the initial value in the first charging cannot be
explained by any other processes except for interlayer expansion
that is caused by ion BF4
− intercalation. That is, the other possible
phenomena that may lead to a dimensional change of graphitic ma-
terials, i enlarging of the intralayer C–C bond length and ii an
expansion of interlayer distance due to a decrease of surface tension
with increasing excess charge in the double layer, are known to be
far less significant as compared to ion intercalation.32
The assumption that the voltage plateau and electrode swelling
evolved at 4.6–4.8 V are caused by ion intercalation has been vali-
dated by in situ XRD data. Figure 4a provides the microscopic
change in the interlayer distance of e-MCMB particles. Also, a
charge–discharge voltage profile inset is presented, wherein the
points where the XRD data were taken are indicated as the numbers.
When the electrode potential moves from the open-circuit potential
3.0 V to the positive direction in the first charging, the XRD pro-
file is not changed until the potential reaches the plateau. The 002
diffraction peak at 22.2° is still alive scan numbers 1 and 2. When
the potential moves to the direction more positive than the plateau
voltage scan number 3 made at 4.8 V, the peak at 22.2° suddenly
disappears, and never gains its intensity in the next cycles. A careful
inspection of the XRD data, however, reveals the presence of a peak
Figure 3. a The galvanostatic charge–discharge voltage profile solid line
and electrode height change dotted line obtained with a half-cell cycling in
the potential range of 3.0–4.8 V vs Li/Li+. The open-circuit potential was
3.0 V. b The magnified view for the first cycle. Note the presence of voltage
plateau at 4.6–4.8 V in the first charging and concomitant electrode swelling
at the same potential region. Also note that the voltage plateau is absent and
the electrode swelling/contraction is only marginal ca. 7% from the second
cycle.CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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data can account for the observations made with the dilatometry.
First, if the peak at the lower angle 20° is real, it implies a wid-
ening of the interlayer distance. Then, the macroscopic electrode
height change occurring at the voltage plateau region can be as-
cribed to being caused by ion intercalation. The very weak diffrac-
tion peak at the lower angle 20° can also be explained by the loss
of layer ordering upon intercalation. Second, no restoration of the
002 peak to its original position supports that the interlayer re-
mains widened after the first charging, which is in accordance with
the dilatometry result.
To see if the interlayer expansion enlarges the ion-accessible
surface area, thereby increasing the capacitance value of this elec-
trode, the complex capacitance analysis was done. As reported ear-
lier by us, the complex capacitance analysis can be a useful tech-
nique to assess the EDLC parameters, such as capacitance, rate
capability, and degree of side reactions.38-41 In this analysis, imped-
ance data are converted to complex capacitance and the imaginary
part of complex capacitance is plotted as a function of frequency on
a semilogarithmic scale imaginary capacitance plots, Cim vs log f.
In this plot, the capacitive component appears as a peak and the
capacitance value is proportional to the area of this peak. The imagi-
nary capacitance profiles taken with the e-MCMB electrode are rep-
Figure 4. a The in situ XRD patterns of e-MCMB electrode with cycling.
A voltage profile is provided in the inset, wherein the points where the XRD
data were taken are indicated as the numbers. b The imaginary capacitance
profiles obtained at three potentials; 4.3 V in advance, then 4.8 V, and finally
4.3 V again after activation. Note a significant enlargement in the area of
capacitive peak, indicative of a capacitance increase after electrochemical
activation.Downloaded 26 Jul 2009 to 147.46.182.184. Redistribution subject to Eresented in Fig. 4b. With positive polarization, impedance measure-
ments were made at 4.3 V in advance, then at 4.8 V, and finally at
4.3 V again. The profile taken at 4.3 V initially shows a negligible
size of capacitive peak, implying that the capacitance is very small.
The profile has been magnified in the inset. When the electrode
potential is raised up to 4.8 V, a new peak appears at the lower-
frequency region with a notable increase in the peak area, indicative
of an increase in the capacitance value. It is surprising that the
e-MCMB electrode, which shows a negligible capacitance at 4.3 V
initially closed circles, delivers a much increased capacitance at
the same voltage 4.3 V after experiencing an interlayer expansion
at 4.6–4.8 V closed triangles. This phenomenon is termed as an
electrochemical activation because the capacitance increases to a
great extent after a charging electrochemical reaction, and further-
more the enhanced capacitance is maintained thereafter.
Charge storage mechanism after electrochemical activation.—
The charge storage mechanism from the second cycle after electro-
chemical activation seems to be far different from that involved in
the first charging that is, intercalation as hinted at by the following
observations: the absence of voltage plateau, insignificant electrode
swelling/contraction ca. 7%, and no restoration of interlayer dis-
tance to the original value. Even so, one cannot ensure that the
charge storage is done by a simple adsorption because the following
features are apparent. The electrode shows a repeated swelling/
contraction even if it is smaller ca. 7% than that observed in the
first charging. Moreover, the voltage profile is not linear but curved
like those observed for pseudocapacitors. To straighten out this is-
sue, the results obtained with a pristine MCMB and activated carbon
BP20, nongraphitic carbon electrodes are provided. Figure 5a pre-
sents the charge–discharge voltage profile and electrode height
change observed with the pristine MCMB electrode. Two features
are immediately apparent. First, the voltage plateau appears in both
charging and discharging in the first cycle, which is the case in the
subsequent cycles. Second, the electrode swelling/contraction,
which occurs at the same voltage range where the plateau evolves, is
significant ca. 100% in the first charging. More importantly, the
height change amounts to 60–70% in the forthcoming cycles. Figure
5b represents the in situ XRD data taken with this electrode. The
002 diffraction peak moves to the smaller angle 25.7° upon first
charging, but restores to the original value 26.5° upon discharging.
This reversible interlayer expansion/contraction also takes place in
the next cycles. From these results, we can reach a conclusion that
ion intercalation prevails not only in the first charging but also in the
subsequent cycles in the pristine MCMB electrode.
By providing the results for untreated MCMB, it is now very
likely that the charge storage in the electrochemically activated
e-MCMB electrode is not proceeding by intercalation, but by ad-
sorption. However, this assumption is not yet ensured because the
e-MCMB electrode exhibits an appreciable height change ca. 7%
and the curved voltage profile. To clarify this, a voltage profile and
electrode height change was measured for a BP20 electrode,
wherein a simple adsorption is expected. As seen in Fig. 5c, the
BP20 electrode also shows a nonstraight voltage profile but the
height change amounts to only ca. 1%. From this result, it may be
safe to say that the charge storage mechanism in the electrochemi-
cally activated e-MCMB electrode is not a simple adsorption but a
mixed adsorption/intercalation.
Figures 6a and b display the HRTEM images of e-MCMB elec-
trode, whereas Fig. 6c and d shows those of the electrochemically
activated one. It is seen that the slitlike pores are aligned in one
direction in both samples Fig. 6a and c. However, the slit width
that is, the interlayer distance is not uniform with some deforma-
tion and the ordering is not perfect, which can account for the weak
002 diffraction peak for e-MCMB Fig. 2 and 4a and electro-
chemically activated e-MCMB inset of Fig. 4a. It is difficult to
estimate the interlayer distance from the magnified transmission
electron microscopy images Fig. 6b and d. At least, however, one
can say that the interlayer distance in both samples is much smallerCS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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cal activation, which is roughly matched with those calculated from
the XRD data; 0.404 nm 2 = 22.2° before activation and 0.45 nm
2 = 20° after activation Fig. 4a.
One curious but important observation here is that the electro-
chemically activated e-MCMB electrode delivers a high capacitance
even if the interlayer distance is smaller than 1.0 nm. Along this
line, the recent reports made by Chmiola and his co-workers should
Figure 5. a The galvanostatic charge–discharge voltage profile solid line
and electrode height change dotted line of pristine MCMB electrode ob-
tained with a half-cell cycling in the potential range of 3.0–4.9 V vs Li/Li+.
b The in situ XRD patterns obtained with cycling. A voltage profile is
provided in the inset wherein the points where the XRD data was taken are
indicated as the numbers. c The galvanostatic charge–discharge voltage
profile solid line and electrode height change dotted line of the BP20
electrode obtained with a half-cell cycling in the potential range of 3.0–4.9 V
vs Li/Li+.Downloaded 26 Jul 2009 to 147.46.182.184. Redistribution subject to Ebe mentioned.7,42 They observed an abnormally high capacitance
with titanium carbide-derived carbon that has slit-shaped pores of
less than 1.0 nm, which is smaller than the size of solvated ions. To
rationalize this, they proposed that ions enter the pores either bare or
with partial solvent shells. The high capacitance observed with the
electrochemically activated e-MCMB electrode in this work should
also be explained by ion penetration either bare or with partial sol-
vent shells. Furthermore, the same ion movement should take place
in the electrochemical activation process because the interlayer dis-
tance amounts to only 0.404 nm for e-MCMB. That is, the electro-
chemical activation is propagated by ion intercalation rather than
ion/solvent co-intercalation.
Electrochemical activation by negative polarization and full-cell
test.— To see if the e-MCMB electrode is electrochemically acti-
vated by negative polarization, the charge–discharge cycling was
done between the open-circuit voltage 3.0 V and 1.0 V. The volt-
age profile shown in Fig. 7a, more clearly in the magnified view for
the first cycle in Fig. 7b, clearly shows that a voltage plateau appears
at 1.3–1.0 V in the first charging, which is accompanied by an elec-
trode swelling ca. 30% in the same potential region. In addition,
the e-MCMB electrode shows a similar activation behavior upon a
negative polarization to that observed with the positive polarization.
First, the voltage plateau never appears from the second cycle Fig.
7a. Second, even if the e-MCMB electrode swells in the first charg-
ing up to ca. 30%, it does not restore to the original dimension.
Further, the electrode remains swollen in the subsequent cycles with
an insignificant height change ca. 10%. The in situ XRD data
obtained with charge–discharge cycling are presented in Fig. 8a,
where it is seen that the 002 diffraction peak at 2 = 22.2°, which
is intense before ion intercalation scan numbers 1 and 2, suddenly
disappears after a negative polarization down to 1.0 V scan number
3. The barely identifiable peak at a lower angle 2 = 20–21° re-
flects a widening of the interlayer distance after the first charging
inset. No return to the original diffraction angle in the next cycle
reflects that the interlayer remains widened thereafter. All the obser-
vations made in Fig. 7 and 8a support that the e-MCMB electrode is
electrochemically activated by a negative polarization, during which
the interlayer is widened by cation intercalation, and remains wid-
Figure 6. The HRTEM images of e-MCMB electrode before electrochemi-
cal activation a and b and after activation c and d. Note a slight
widening of interlayer space by an electrochemical activation b and d.CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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activation can further be ascertained from the impedance data shown
in Fig. 8b, which were obtained at 1.7 V in advance, then at 1.0 V,
and finally at 1.7 V again. Before activation, the electrode shows a
negligible capacitance as evidenced by the negligible size of the
capacitive peak in the inset. A notable increase in the capacitance
is, however, confirmed by the area of the capacitive peak the profile
obtained at 1.0 V. The fact that the enlarged capacitance is main-
tained thereafter that is, it is electrochemically activated can also
be confirmed from the imaginary capacitance profile obtained at 1.7
V after the activation closed triangles.
The finding that the e-MCMB electrode can be electrochemically
activated by both positive and negative polarization encouraged us
to fabricate a full cell with two identical e-MCMB electrodes. Fig-
ure 9a shows the charge–discharge voltage profile and electrode
height change recorded with cell cycling in the voltage range of
0.0–3.7 V. A voltage plateau appears at 3.6 V in the first charging,
which must be related with ion intercalation in both electrodes. Also
note that the voltage plateau never appears in the subsequent cycles.
The full cell is swollen in the first charging, not contracted to the
initial dimension, but rather damps within a 10% range dotted line.
This is what was observed with the half-cells. Figure 9b shows the
potential profiles for the positive solid line and negative electrode
dotted one taken with cell cycling. Before cycling, both electrodes
remain at the open-circuit potential 3.0 V. During the first charg-
ing, the positive electrode shows a voltage plateau at 4.6–4.8 V,
whereas the negative electrode plateaus at 1.3–1.1 V in accordance
Figure 7. a The galvanostatic charge–discharge voltage profile solid line
and electrode height change dotted line obtained with a half-cell cycling in
the potential range of 3.0–1.0 V vs Li/Li+. b The magnified view for the
first cycle. Note the presence of voltage plateau at 1.3–1.0 V in the first
charging and concomitant electrode swelling at the same potential region.
Also note that the voltage plateau is absent and the electrode swelling/
contraction is only marginal ca. 10% from the second cycle.Downloaded 26 Jul 2009 to 147.46.182.184. Redistribution subject to Ewith the results obtained with the half-cell tests. From the second
cycle, the cell shows a symmetric voltage profile without a voltage
plateau Fig. 9b. Figure 9c presents the capacitance of full-cell and
coulombic efficiency obtained by galvanostatic charge–discharge
cycling. The volume-specific capacitance that was calculated on the
basis of the volume of two dry e-MCMB electrodes was 30 F mL−1
in the first cycle, which is slightly decreased to 24 F mL−1 after
100 cycles. This capacitance fading may be caused by several rea-
sons, but not identified in this work. At such a high working voltage
3.7 V, however, a decomposition of the electrolyte and electrode
itself can be readily imagined. The relatively high population of
foreign elements in e-MCMB Table I may be associated with elec-
trode degradation under such an extremely high electrode polariza-
tion. The coulombic efficiency is somewhat low initially, which
seems to be due to faradaic reaction associated with electrolyte de-
composition. After that, however, the cell shows a coulombic effi-
ciency of 99%. The volume-specific capacitance
24–30 F mL−1 and working voltage 3.7 V of this EDLC are
comparable to those for the Nanogate capacitor.
There are two final points to address. The first point is the huge
amount of electrode swelling in the activation process, 30–35% as
shown in Fig. 3a and 7a. Such an electrode swelling cannot be
explained by the volume expansion of e-MCMB particles by them-
Figure 8. a The in situ XRD patterns of e-MCMB electrode with cycling.
A voltage profile is provided in the inset, wherein the points where the XRD
data were taken are indicated as the numbers. b The imaginary capacitance
profiles obtained at three potentials; 1.7 V in advance, then 1.0 V, and finally
1.7 V again after activation. Note a significant enlargement in the area of
capacitive peak, indicative of a capacitance increase after electrochemical
activation.CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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only 11%, from 0.404 to 0.45 nm. The excessive electrode swelling
may be associated with a loosening in the electrode packing be-
tween e-MCMB particles, carbon additive, and polymer binder that
is caused by volume expansion of e-MCMB particles. The second
concern is the prerequisite for electrochemical activation. The inter-
calation of cations for instance, Et4N
+ and anions BF4
− into in-
terlayer of graphitic carbons has been reported previously.20-25,43-47
On the basis of the charge–discharge cycling and dilatometric be-
haviors, the graphitic carbons can be divided into two groups: pris-
Figure 9. a The galvanostatic charge–discharge voltage profile solid line
and electrode height change dotted line obtained with a full cell in the
voltage range of 0.0–3.7 V. b The potential variation of the positive solid
line and negative dotted line electrode in the full cell fabricated with two
e-MCMB electrodes and Li metal reference electrode. c The cycle perfor-
mance of the full cell obtained at a current density of 0.5 mA cm−2. For this
experiment, the electrode was prepared from the mixture of
e-MCMB:PTFE:Super P 86:7:7 in weight ratio.Downloaded 26 Jul 2009 to 147.46.182.184. Redistribution subject to Etine graphites and expanded graphites. The highly crystalline natural
and artificial graphites, and graphitizable carbons belong to the
former group, whereas the KOH- or K2CO3-activated graphites, ex-
panded needle cokes,30 and e-MCMB studied in this work can be
categorized into the latter group. The common observation with the
former is that ion intercalation, which takes place over a certain
onset potential, is accompanied by a voltage plateau, widening of
interlayer distance, and electrode swelling. The most apparent dif-
ference from the latter group is that all these events take place in
every cycle.43-47 That is, as seen in Fig. 5a and b in this work, the
swollen electrode by charging that is, intercalation is contracted
back to the original dimension upon discharging, and this swelling/
contraction in a full range is repeated in the continuing cycles. This
illustrates that the intercalation process in the former group does not
generate new ion-accessible sites that can be utilized permanently.
Rather, the interlayer sites are instantly utilized for charge storage
with ion intercalation in each cycle. Hence, the intercalation occur-
ring in the former group cannot be categorized as an electrochemical
activation if one defines this process as a generation of ion-
accessible sites by a single intercalation process, and the as-
generated sites are permanently utilized for ion accumulation. A
common feature for the latter group is that the interlayer distance is
substantially expanded as compared to that for the highly crystalline
graphites d002 = 0.335–0.34 nm. The d002 value is 0.36–0.385 nm
for the KOH-activated graphitizable carbons for the Nanogate
capacitor20,21 and 0.404 nm for the e-MCMB in this work. It is thus
concluded that the prerequisite for electrochemical activation is the
interlayer expansion by any treatments. As far as the authors know,
two methods have been utilized for this purpose in the literature:
chemical activation Nanogate capacitor and heat-treatment of oxi-
dized graphitic carbons as presented in this work.
Conclusion
This work provides evidence that the expanded graphite is elec-
trochemically activated both by positive and negative polarization.
When the e-MCMB electrode is polarized over a certain onset po-
tential in both the positive and negative direction, ion-accessible
sites are generated with an interlayer expansion that is induced by
ion intercalation. The presence of a voltage plateau that is associated
with intercalation was confirmed from the charge–discharge voltage
profiles. The microscopic change of the interlayer distance and con-
comitant macroscopic dimensional change of the electrode were as-
certained by the in situ XRD and electrochemical dilatometry study,
respectively. Additional points of value are summarized as follows:
1. The interlayer spacing of e-MCMB is larger than that for
untreated MCMB, thereby an easier ion intercalation can be as-
sumed.
2. The electrochemical activation was accomplished by ion in-
tercalation not by ion/solvent co-intercalation in the first charging
period. Once activated, the interlayer of e-MCMB remains widened,
allowing the newly generated sites to be easily accessed by ions.
Even so, the charge storage in the electrochemically activated
e-MCMB electrode is not made by a simple ion adsorption, but by a
mixed adsorption/intercalation. Given the fact that untreated graphi-
tes cannot be electrochemically activated, that is, ion intercalation
does not create new sites, it is concluded that the prerequisite for
electrochemical activation is the expansion of interlayer distance in
graphitic carbons.
3. The major electrode swelling takes place only in the electro-
chemical activation period, but the electrode swelling/contraction is
marginal after the activation. This feature is practically important
because a repeated swelling/contraction in a wider dimension fre-
quently destructs the electrode integrity.
4. The electrochemically activated e-MCMB electrode shows a
promising capacitor behavior as a full cell. The capacitance is as
high as 24–30 F mL−1 and the working voltage amounts to 3.7 V
with a charge–discharge coulombic efficiency of 99%.CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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